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EARLY X-RAY AND OPTICAL AFTERGLOW OF GRAVITATIONAL WAVE BURSTS FROM MERGERS OF 

BINARY NEUTRON STARS 

Bing Zhang 1,2,3 
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ABSTRACT 

Double neutron star mergers are strong sources of gravitational waves. The upcoming advanced 
gravitational wave detectors are expected to make the first detection of gravitational wave bursts 
(GWBs) associated with these sources. Proposed electromagnetic counterparts of a GWB include a 
short GRB, an optical macronova, and a long-lasting radio afterglow. Here we suggest that at least 
some GWBs could be followed by an early afterglow lasting for thousands of seconds, if the post- 
merger product is a highly magnetized, rapidly rotating, massive neutron star rather than a black 
hole. This afterglow is powered by dissipation of a proto-magnetar wind. The X-ray flux is estimated 
to be as bright as (10 -8 — 10~ 7 ) erg s _1 cm" 2 . The optical flux is subject to large uncertainties but 
could be as bright as 17th magnitude in R-band. We provide observational hints of such a scenario, 
and discuss the challenge and strategy to detect these signals. 



1. INTRODUCTION 

Mergers of neutron-star/neutron-star (NS-NS) bi- 
naries a£e__strong source s of gravitational waves 
(e.g. Kramer et al.l 120061) . The upcoming ad- 
vanced gravitational wave d etectors such as Advanced 
LIGO (lAbbott et alJ 12001 and Advanced VIRGO 
(|Acernese et al.l I2008D are expected to expand the de- 
tection horizon to a few hundred Mpc for NS-NS 
mergers as early as 2015. Theoretical motivation 
(lEichler et a.l.lll989t iNaravan et al.lll992t iRosswog et al 
20121) and observational progress (e.g. IGehrels et al 



200a : iBarthelmy et al.ll200a iBerger et al.ll2005[ ) suggest 
that at least some short gamma-ray bursts (SGRBs) may 
be related to NS-NS mergers. This hypothesis can be 
proved when both a SGRB and a gravitational wave 
burst (GWB) are detected in coincidence with each other 
in trigger time and direction. On the other hand, obser- 
vations of SGR Bs suggest that at lea s t some of them are 
collimated (e.g. iBurrows et alJ [20061 : iDe Pasquale et all 
2010). Since the strength of the gravitational wave sig- 
nals does not sensitively depend on the orientation of 
the NS-NS merger orbital plane with respect to the 
line of sight, most GWBs would not be associated with 
SGRBs even if the SGRB-GWB association is estab- 
lished. Searching for electromagnetic counterparts of 
SGRB-less GWBs is essential to confirm the astrophysi- 
cal origin of the GWBs, and to advance our understand- 
ing of the compact star merger physics. In the l iterature, 
an optical "macronova" (|Li fc Paczvnskil[l998t iKulkarnl 
I200a iMetzger et~aTl 120101 ) due to 'decay of the ejecta 
launched during the merged and a long-lasting radio af- 
terglow due to i nteraction between the ejecta and the am- 
bient medium dNakar fc Piranl 120 lit IMetzger fc Bergerl 
l2012t iPiran et al.ll2012t ) have been predicted. Both are 
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challenging to detect (Mctzgcr & Bergcr 2012). Here we 
suggest another possible electromagnetic counterpart of 
GWBs. We argue that if the post-merger product is a 
short-lived massive neutron star rather than a black hole, 
a SGRB-less GWB could be followed by an early X-ray 
and optical afterglow extending for thousands of seconds. 
We provide observational hints of such a possibility in §2. 
In §3, we estimate the duration and brightness of the X- 
ray and optical afterglows, and discuss their detectability. 
A brief summary is given in §4. 

2. MASSIVE NEUTRON STAR AS THE POST-MERGER 
OBJECT 

There are two lines of reasoning to suspect that NS- 
NS mergers can produce a massive NS rather than 
a black hole, which may survive for an extended pe- 
riod of time of the observational interest. The first 
is along the line of the observati ons of NS s and NS- 
NS binaries in the Galaxy (e.g. iLattimeil (|2012| ) for 
a review). A secure lower limit of the maximum NS 
mass is set by PSR J1614-2230 (in a NS-WD binary) 
to 1.97 ± 0.04 MfD through a precise m easurement of the 
Shapiro delay (|Demorest et al.ll2010D . NSs with possi- 
bly even higher masses, albeit with large uncertainties, 
are also suggested. For example, the NS candidate in 
the X-ray binary 4 U 1700-377 has a mass 2.44±O.27M 
(|Rawls et alJl20TTt ). and the NS in the NS -WD binary 
PSR B1516+02B has a mass 2.08±0.19M Q (jFreire et all 
2008). A stiff equation of state (EOS) of neutron mat- 
ter is demanded by the data. Although current data do 
not allow to differentiate among various stiff EOS mod- 
els, most of these stiff-EOS NS models predict a maxi- 
mum NS ma ss close to or hi gher than 2.5M© for a non- 
rotating NS (|Lattimerl 120121) . For rapidly spinning NSs 
which arc likely relevant for the post-merger products, 
the maximum mass can be even higher due to a cen- 
trifugal support. On the other hand, the observations of 
the Galactic NS-NS systems suggest that the NS mass 
in these systems peak at 1.35M , and the sum of the 
two NS masses for a s ignificant fracti on of the popula- 
tion is around 2.6M Q (iLattimcr1 l2012f ). Numerical sim- 
ulations suggest that NS- NS mergers typically eject sev- 
eral percent solar masses (jRosswog et al.1120121 ) . As a re- 
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suit, the post-merger products of at lease a fraction (e.g. 
/ns ~ 0.5) of NS-NS merger events should have a total 
mass below the maximum NS mass of a rapidly spinning 
NS. This NS would not collapse until loosing a significant 
amount of angular momentum within the characteristic 
spi n-down time sca le. S uch a possib i lity w as suggested 
by iDai et all §006) and iGao fc Fan! (|2006l ) to interpret 
X-ray flares and plateaus following SGRBs, and is now 
strengthened by additional data. 

The second line of reasoning is based on the obser- 
vations of the SGRB X-ray afterglows. The most di- 
rect evidence of a spinning-down object at the SGRB 
central engine is in G RB 090515 detected by Swift 
(|Rowlinson et al.l I2010T ) . After a short prompt emission 
phase lasting for Tgo = 0.036 ± 0.016 s, the burst showed 
an X-ray plateau that lasted for ~ 240 s, after which the 
flux declines rapidly, and became undetectable b y XRT 
at ~ 500 s after the trigger (jRowlinson et al.ll2010h . Such 
a steady plateau with rapid decline w ould be a signature 
of a magnetar at the ce ntral engine (Zhang fc Meszarosl 
120011; iTroia et al.ll2007t ). Even though no redshift mea- 
surement was made for this burst, an analysis suggests 
that the presumed heavy NS has parameters consis- 
tent with a magnetar for a reasonable redshift range 
(jRowlinson et al.ll2010f l. A later systematic analysis of 
Swift SGRB X-ray lightcurves suggests that a significant 
fraction of SGRBs have evidence of an X-ray plateau fol- 
lowed by a steep drop in f lux, which is consistent wit h 
a magnetar central engine (jRowlinson fc O'Brienll2012l ). 
If SGRBs are associated with NS-NS mergers, it is likely 
that a millisecond magnetar survived in these SGRBs. 

Another indirect p iece of evidence is X-r ay flares fol- 
lowing some SGRBs (jBarthelmv et al.ll2005ft . A possible 
interpretation is the magnetic activity of a dif ferentially 
rotat ing massive NS after a NS-NS merger (|Dai et al.l 
2006) . If the magnetic held strength of this post- merger 
massive NS is not too high (similar to that of normal 
pulsars), the magnetic activity of the NS has the right 
time scale and luminosity to account for X-ray flares. 

3. EARLY X-RAY AND OPTICAL AFTERGLOW OF NS-NS 
MERGER-INDUCED GWBS 

At least some SGRBs are c ollimated (|Burrows et al.l 
I2006t iDe Pasauale et aLll2010ft . For the standard X-ray 
afterglow component (that originates from the external 
shock of the SGRB jet), the afterglow jet opening angle 
is believed to be comparable to the prompt emission jet 
opening angle, so that a GWB without a SGRB associa- 
tion would have a very faint "orphan" afterglow peaking 
at a time when the jet is decelerated enough so that the 
1/r cone enters line-of-sight. The prospects of detecting 
such a SGRB orphan afterglow are poor. Here we suggest 
that the afterglow powered by a rapidly spinning massive 
NS has a much wider solid angle than the solid angle of 
the SGRB jet, so that SGRB-less GWBs can also have a 
bright afterglow from a dissipating proto -magnetar wind 
with a large solid angle. At the base of the central en- 
gine (light cylinder) , the wind launched from the millisec- 
ond magnetar is essentially isotropic. Numerical simula- 
tions suggest that this proto-magnetar wind from a NS- 
NS merger progenitor would be collimated by the ejecta 
launched during the merger process, but with a much 
larger angle, 30° — 40°, t han the case of a mass ive-star 
core-collapse progenitor (|Bucciantini et al.ll2012l ). This 



is much larger than the jet opening angl e inferred from 
the afterglow modeling of som e SGRBs (B urrows et al.l 
I2006t IDe Pasauale et al.l 12010ft . A wider solid angle of 
proto-magnetar wind than the GRB jet angle was also 
inferred from an anal ysis of the magnet ar engine candi- 
dates for long GRBs ((Lyons et al.l[2010h . 

In the following, we adopt the ansatz that some NS- 
NS mergers produce a massive magnetar. The proto- 
magnetar wind is essentially isotropic at the base, with 
a wide solid angle 9 W _\ ~ 40° for a free wind (with 
a beaming factor fb, w ,i = Af2, i , i i/47r ~ 0.2) and an 
even larger solid angle Afi^ in the equatorial direc- 
tion for a confined wind that pushes the heavy ejecta 
launched during the merger phase (with a beaming fac- 
tor fb, w ,2 = Ar2„, i 2/47r ~ 0.8, so that the total beaming 
factor is f b , w = fb, w ,i + fb,w,2 ~ !)• This hypothesis ap- 
plies regardless of whether the GWB is associated with a 
SGRB. If there is a GWB/SGRB association, we expect 
that SGRB jets have a much smaller solid angle. For ex- 
ample, if the typical SGRB jet opening angle is 6j ~ 10°, 
one has the jet beaming factor fyj = AUj/Att ~ 0.015, 
so that Aflj <c Af^i < Afl w ^- 

The NS-NS merger event rate is very uncertain. The 
rate inferred from the Galactic NS-NS systems has a 
wide range 2 - 2 x 10 4 Gpc" 3 yr" 1 tiPhinnevI 119911 : 
iKalogera et~all 12004 lAbadie et all 12010ft . This is con- 
sistent with the upper limit 2 x 10 5 Gpc -3 yr _1 set 
by the curren t non-detection with the last LIGO and 
VIRGO run (lAbbott et all 12009ft . Within the ad- 
vanced LIGO horizon ~ 300 Mpc, the NS-NS merger 
rate (and therefore GWB rate) would be Aqwb ~ 
(0.2 - 2000) yr- 1 . Among these, i? G WB- ag ~ (0.1 - 
1000)(/ns/0.5)(/{, :TO ) yr -1 would have strong afterglow 
emission associated with the proto-magnetar wind, most 
of which would not have a SGRB association, since the 
line of sight is outside the SGRB cone even if there is a 
SGRB/ GWB association. 

After the merger, the proto-NS is initially very hot 
and cools via neutrino emission. After about 10 sec- 
onds, the NS is cooled enough so that a Poynting- 
flux-dominated out flow can be launched (jUsovl 119921 : 
iMetzger et aLll2011h . It will be spun down by magnetic 
dipole radiation and by the torque of a strong electron- 
positron pair wind flowing out from the magnetosphere. 
Since before the merger the two NSs are in the Keple- 
rian orbits, the post-merger product should be near the 
break-up limit. We take Pq = 1 ms Po,-3 as a typical 
value of the initial spin period of the proto-magnetar. 
An uncertain parameter is the polar-cap magnetic field 
of the dipole magnetic field component, B p , which de- 
pends on whether the a — Q dynamo is efficiently oper- 
ating, and on the magnetic field strength of the parent 
NSs if the dynamo mechanism is not efficient. Given 
nearly the same amount of the total rotation energy 
E mt = (l/2)ml - 2 x 10 52 erg (Q = 2tt/P), the lu- 
minosity, and hence, the afterglow flux critically depend 
on Bp. As a rough estimate, we apply the dipole spin- 
down formula. Correcting for the beaming factor f w and 
the efficiency factor rj x to convert the spin down lumi- 
nosity to the observed X-ray luminosity in the detector 
band, one gets 

F x = rl f" d ~ 2 x 10- 8 erg s" 1 cm^ 2 
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where L s d = IHq/ (2T s d) is the characteristic spindown 
luminosity, and 

T sd ~2x 10 3 s I i5 B- 2 15 P*_ 3 Rs 6 (2) 

is the characteristic spindown time scale. Here I = 
10 45 /45 is the moment of inertia (typical value J45 = 1.5 
for a massive NS), R = 10 6 i?6 is the radius of the NS, 
and the convention Q x = Q/1Q X has been adopted. Here 
we have assumed that a good fraction (r) x ~ 0.01) of 
spin down energy is released in the X-ray band. This is 
based on the following two considerations: First, some 
SGRBs indeed have a bright X-ray plat eau that is likely 
due to the magnetar spindown o rigin (jRowlinson et al.l 
120101: iRowlinson fe O'Brienl I2012D . which suggests that 
the main energy channel of releasing the magnetic dis- 
sipation energy is in the X-ray band. Second, a rough 
theoretical estimate shows that the typical energy band 
of a dissipating magnetized wind with a photon luminos- 
ity L 1 ~ 10 49 erg s _1 could be in X-rays. 

We consider two mechanisms to dissipate the mag- 
netar wind energy to radiation. (1) In the free wind 
zone with solid angle AQ Wt x, one may consider a mag- 
netized wind with a luminosity L w and magnetiza- 
tion parameter <r(R) dissipated at a radius R from 
the central engine. Assuming that the magnetic en- 
ergy is abruptly converted to the internal energy of 
power-law distributed electrons (such as in the scenario 
of the ICMART model), one ca n generally estimate 
the typical synchrotron energy as ([Zhang fc Yanl 120111) 

E p ~ 80 keV L^l s R^r] x ^2 a 4- A cooled-down proto- 
magnetar typically h as 00 ~ 10 9 at the central engine 
(jMetzger et al.ll2011h . A magnetized flow can be quickly 

accelerated to T ~ a^ 3 ~ 10 3 at R ~ 10 7 cm, where 
cr ~ CT 2/3 ~ 10 6 (jKomissarov et al.l 120091) . After this 
phase, the flow may still accelerate as T cx i? 1 / 3 , with 
a falling as oc R- 1 / 3 (iDrenkhahn fc Spruit! 12001 . At 
R ~ 10 15 cm, one has a ~ 2 x 10 3 , so that E p ~ 3.7 
keV, which is in the X-ray band. (2) One can also con- 
sider the confined magnetar wind zone with solid an- 
gle Afl Wt 2 where the magnetar wind is expanding into a 
heavy ejecta launched during the merger process^. The 
magnetic energy may be rapidly discharged upon inter- 
action between the wind and the ejecta, which occurs 
at a radius R ~ vidciay = 3 x 10 10 cm(t)/0.1c)idciay,i, 
where v ~ 0.1c is the speed of ejecta, and ideiay ~ 10 
s is the delay time between the merger and the launch 
of a high-a magnetar wind. The Thomson optical depth 
for a photon to pass through the ejecta shell is r t h ~ 
a T M C j/(4nR 2 m p ) ~ 7 x lO 8 (Af e .,/(O.OlM )) > 1. So 
the spectrum of the dissipated wind is thermal-like. One 
can estimate the typical energy ~ k(L w j AhR 2 o) 1 I Al ~ 

5 keVL^ / 4 9 (i?/(3 x 10 10 cm))" 1 / 2 , which is also in the 
X-ray band. 

One can see that the X-ray band flux of the early af- 
terglow (EqllJ is very high, well above the sensitivity 

5 I thank Xue-Feng Wu for pointing out this possibility. 



threshold of Swift XRT (jMoretti et al.ll2007l ) 

F x , th = 6 x 10- 12 erg s" 1 cm" 2 T^, (3) 

where T Q b s is the observation time. The light curve is ex- 
pected to be flat (a plateau) lasting for a duration T s( i fol- 
lowed by a t~ 2 decay. However, since the NS spins down 
quickly in the t~ 2 regime, it is likely that it would lose 
centrifugal support and collapse to a black hole shortly 
after the end of the plateau. In this case, essentially all 
the materials collapse into the BH, without substantial 
accretion afterwards. The light curve then shows a very 
sharp drop in flux at the en d of the plateau, simila r to 
what is seen in GRB 090515 (|Rowlinson et al.ll2010h . 

The challenge to detect such a bright X-ray after- 
glow following a GWB is its short duration (EqJ5]) and 
the large error box of a GWB trigger. This requires 
a Swift-like space detector for quick slew, but the er- 
ror box of the GWB trig ger, typically a few tens to 
a hundred square degrees (jAbadie et al.l[2012l ). is much 
larger than the XRT field of view (0.16 square degree). 
How to efficiently search for the bright X-ray source 
within T s d in such a large sky area is challenging. Even 
though some strateg ies using Swift have been proposed 
(jKanner et alJl2l)12r l. the current searches for the GWB 
afterglo w typically happen about half-day after the GWB 
trigger (jEvans et al.l 120121 ). The problem can be allevi- 
ated if B p of the proto-NS is weaker. For example, even 
for a typical pu lsar field B p ~ 10 12 G (jDai fe Lul 119981: 
iDai et al.|[2006T) . the X -ray luminosity can be still as high 
as 5 x 10~ n erg s _1 cm -2 for detection, while the du- 
ration of the plateau extends to T s d ~ 2 x 10 7 s. This 
would give enough time to search for the X-ray after- 
glow. However, strong magneti c fields are likely gener - 
ated during the merger events (jPrice fc RosswogH 2006). 
Very likely one has to face the large-error-box, short- 
duration problem. An ideal strategy to observe this early 
afterglow is to design a large field-of-view imaging X-ray 
telescope, preferably with fast-slewing capability. Such a 
telescope, even with a moderate sensitivity, can catch the 
bright early X-ray afterglows of SGRB-less GWBs. The 
new mission concept ISS-Lobster (jGehrels et al.l20l"2T ) in- 
vokes an X-ray wide-field imager with a 0.5-sr field of 
view that covers ~ 50% of the sky every 3 hours, which 
is ideal to detect this bright X-ray afterglow. 

The optical flux of the proto-magnetar wind is sub- 
ject to uncertainties. In the free wind zone (solid angle 
Afi^i), the emission spectral shape is synchrotron. If 
one has the standard F v oc v 1 / 3, synchrotron spectrum 
below E p , the specific X-ray flux at 1 keV F l/ (X) ~ 4 
mjy would correspond to a R-band magnitude 17. This 
would be an optimistic estimate of the optical bright- 
ness. For the confined wind zone (solid angle AD, W ^), 
the spectrum of a dissipating wind is quasi-thermal, and 
the optical flux is greatly suppressed. Indeed, no bright 
optical emission was detected during t he plateau phase 
of GRB 090515 (|Rowlinson et al.ll2010l ). suggesting that 
the optical emission of a dissipative proto-magnetar wind 
is suppressed. Nonetheless, the interaction between the 
magnetar wind and the ejecta in the confined wind zone 
can give very interesting radiation signatures in the opti- 
cal band (H. Gao et al. 2013, in preparation). Wide-field 
optical telescopes are essential to search for such optical 
GWB afterglows in the large GWB error box. 
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The gravitational wave signals from these GWBs 
have an interesting signature: after the standard 
chirp signal during th e in-s pir al and merger phases 
(iFlanaean fc Hughes! 119981 : iKob avashi & M eszarosl 
120031) . there should be an extended GW emission 
episode afterwards due to a secular b ar-mode instability 
of th e newly formed proto-magnetar (jCorsi fc Meszarosl 
2009). The signature is in the advanced LIGO fre- 
quency band, and can in principle be detected. Jointly 
detecting such a GW signal along with the X-ray 
afterglow would give an unambiguous identification of 
the proto-magnetar nature of the central engine. 

Some SGRBs are followed by an exten ded emission 
which sometimes can be very bright (e.g. iGehrels et al.l 
2006) . It is unclear whether the extended emission shares 
the same solid angle with the short hard spikes. If it 
has a wider solid angle than the short hard spike emis- 
sion, as expected in the magnetar engine scenario (e.g. 
iMetzger et al.ll2008D . then such a bright extended emis- 
sion (lasting ~ 100 s) can be also associated with SGRB- 
less GWBs. This emission is brighter than the X-ray 
afterglow emission discussed above, and can be readily 
detected by wide-field imagers such as ISS-Lobster. 

4. SUMMARY 

We have proposed another electromagnetic counter- 
part of GWBs from NS-NS mergers. It applies to the 
cases when the two NSs are not very massive (as observed 
in Galactic double NS systems), so that the post- merger 
product has a mass below the maximum mass of a rapidly 
spinning NS. We show that such a scenario is plausible in 
view of the observations of Galactic NSs, NS-NS systems, 
and SGRB afterglows. The proto-magnetar would eject 
a wide-beam wind, whose dissipation would power an X- 
ray afterglow as bright as ~ (10~ 8 — 10~ 7 ) erg s _1 cm -2 . 
The duration is typically 10 3 — 10 4 s, depending on the 
strength of the dipolar magnetic fields. It is challenging 
to detect the X-ray afterglow with the current facilities 
such as Swift, but a wide- field X-ray imager (such as 
ISS-Lobster) would be ideal to catch this bright X-ray 
signal. The optical afterglow flux is subject to large un- 
certainties, but could be as bright as 17th magnitude 
in R band. Prompt, deep optical follow-up observations 
of GWBs are desirable. The detection of these signals 
would confirm the astrophysical origin of GWBs, and 
shed light into the physics of NS-NS mergers and the NS 
equation of state. 
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